, Decker and others (1992) , Caramanica (1993) , Dellapenna (1991) , and Dellapenna and Harrison (1993) Michigan (Caramanica, 1993) showing fracture intensity in oie Antrim ^naie ./ Figure 6 . Michigan basin and adjoining area showing Proterozoic basement provinces and major structures (Budai and Wilson (1991) (Manger and others, 1990) .... 16 Figure 10 . Average gas production rates from the Antrim Shale in a four-township area in southern Otsego County, Michigan (Decker and others, 1992 Black shale members of the Upper Devonian Antrim Shale are both the source and reservoir for a regional gas accumulation that presently extends across parts of six counties in the northern part of the Michigan basin ( fig. 1 ). Natural fractures are considered by most petroleum geologists and oil and gas operators who work the Michigan basin to be a necessary condition for commercial gas production in the Antrim Shale. Fractures provide the conduits for free gas and associated water to flow to the borehole through the black shale which, otherwise, has a low matrix permeability. Moreover, the fractures assist in the release of gas adsorbed on mineral and(or) organic matter in the shale (Curtis, 1992) . Depths to the gas-producing intervals (Norwood and Lachine Members) generally range from 1,200 to 1,800 ft (Oil and Gas Journal, 1994) . Locally, wells that produce gas from the accumulation are as deep as 2,200 (Oil and Gas Journal, 1994) . Even though natural fractures are an important control on Antrim Shale gas production, most wells require stimulation by hydraulic fracturing to attain commercial production rates (Kelly, 1992) . In the U.S. Geological Survey's National Assessment of United States oil and gas, Dolton (1995) estimates that, at a mean value, 4.45 trillion cubic feet (TCP) of gas are recoverable as additions to already discovered quantities from the Antrim Shale in the productive area of the northern Michigan trend. Dolton (1995) also suggests that undiscovered Antrim Shale gas accumulations exist in other parts of the Michigan basin.
The character, distribution, and origin of natural fractures in the Antrim Shale gas accumulation have been studied recently by academia and industry. The intent of these investigations is to: 1) predict "sweet spots", prior to drilling, in the existing gas-producing trend, 2) improve production practices in the existing trend, 3) predict analogous fracturecontrolled gas accumulations in other parts of the Michigan basin, and 4) improve estimates of the recoverable gas in the Antrim Shale gas plays (Dolton, 1995) . This review of published literature on the characteristics of Antrim Shale fractures, their origin, and their controls on gas production will help to define objectives and goals in future U.S. Geological Survey studies of Antrim Shale gas resources. Komar, 1981; Walters and others, 1993) .
FRACTURE CHARACTERISTICS

Outcrop Measurements
The Antrim Shale crops out along the northern margin of the Michigan basin within 10 to 15 mi updip of the regional gas accumulation (Komar, 1981; Walter and others, 1993) (fig. 1) . Locally, there is partial overlap between the outcrop belt and the gas accumulation. Given these conditions, a reasonable first approximation of fracture characteristics in the Antrim Shale gas reservoir can be obtained from fractures observed in Antrim Shale (-200 ft thick) outcrops and in underlying limestone outcrops of the Middle Devonian Traverse Group (-750 ft thick) and Middle and Upper Devonian Squaw Bay Limestone (-30 ft thick) ( fig. 2 ). Nearly 5000 measurements by Hoist and Foote (1981) and Hoist (1982) at 43 localities across northern Michigan show that the dominant joint sets in Devonian strata are oriented northeast-southwest (average orientation 052°) and northwest-southeast (average orientation 314°). Two additional, but subordinate, joint sets are oriented north-south (average orientation 002°) and east-west (average orientation 272°). These four joint sets maintain consistent orientations across the northern margin of the basin irrespective of geographic and stratigraphic position (Hoist and Foote, 1981; Hoist, 1982) . Approximately 95% of the measured joints have vertical or subvertical dips.
Fracture orientation, fracture spacing, and fracture aperature width were measured at the Paxton quarry ( fig. 1 ) at the east end of the northern Antrim Shale outcrop belt in Michigan (Richards, Walter, and others, 1994) . The same dominant northeast-southwest and northwestsoutheast fracture sets recognized by Hoist and Foote (1981) and Hoist (1982) were identified at the quarry in the Norwood and Lachine (-15 and 60 ft thick, respectively)(black shale) Members of the Antrim Shale ( fig. 2) . Only the northeast-southwest fracture set was recognized in the Paxton (gray shale) (-15 ft thick) Member ( fig. 2 ) of the Antrim Shale at the quarry. The observed fracture spacing in the northeast-southwest set is 0.4 m (±0.02) for the Norwood Member, 0.2 m (±0.1) for the Paxton Member, and 1.1 m (±0.2) for the Lachine Member (Richards, Walter, and others, 1994) . In the northwest-southeast set, the fracture spacing is 0.9 m (±0.3) for the Norwood Member and 2.0 m (±0.5) for the Lachine Member. For each of these three members of the Antrim Shale, the fracture spacing is always greater in the northwest-southeast set. The aperture width of fractures measured in the quarry ranges from about 0.3 mm to about 8 mm (Richards, Walter, and others, 1994) .
Subsurface Measurements
Natural fractures in the subsurface part of the Antrim Shale can be detected and characterized with oriented and open-hole logging tools (acoustic, resistivity, and televiewer) (Decker, 1992 , Caramanica, 1993 . In wells where both core and fracture identification logs are available, fractures identified by each method have comparable spacing, orientation, and openness; however, the number of fractures detected in the core is usually greater than the number of fractures detected from the well logs (Manger and Curtis, 1991; Decker, 1992; Decker and others, 1992) . Probably, more fractures are identified in core than by well logs because, with well logs, horizontal fractures are difficult to distinguish from bedding planes (Manger and Curtis, 1991; Decker and others, 1992) . Richards, Walter, and others (1994) measured over 600 fractures from oriented core, fracture identification logs, and outcrop along the Antrim Shale gas-producing trend. Results of the outcrop measurements at the Paxton quarry are summarized in the previous section. Stratigraphic intervals involved in the study are the lower three members of the Antrim Shale (Norwood, Paxton, and Lachine), the overlying Upper Devonian Ellsworth Shale, and the underlying Middle Devonian Traverse Group and Middle and Upper Devonian Squaw Bay Limestone ( fig. 2 ). Fracture and joint types measured by Richards, Walter, and others (1994) consist of major (dip >80°), intermediate (dip >80°), and small joints (dip >60°); bedding joints (dip <30°); and microfractures (dip variable). The joint surfaces are relatively smooth and commonly are lined with calcite cement. Large joints and fractures are rarely occluded by cement.
Two dominant fracture sets are noted in the study by Richards, Walter, and others (1994) : the set with the highest relative frequency has a northeast-southwest orientation (average orientation 052° ±5°) and the second set has a northwest-southeast orientation (average orientation 312° ±5°). Although there are slight variations, the orientation of each dominant fracture set remains very consistent between stratigraphic intervals. These fracture orientations are nearly identical to those reported in outcrop by Hoist and Foote (1981) , Hoist (1982) , and Richards, Walter, and others (1994) . Moreover, the spacing of subsurface fractures in the northeast-southwest (0.4-0.7 m ±0.2) and northwest-southeast (0.5 m ±0.2 to 2.3 m ±1.0) fracture sets in the Norwood, Paxton, and Lachine Members of the Antrim Shale are very similar to those measured in the Antrim Shale at the Paxton quarry (Richards, Walter, and others, 1994) . Whereas subsurface fractures in the Antrim Shale, Squaw Bay Limestone, and Traverse Group have similar spacing, those in the Ellsworth Shale (2.9 m ±0.7 for the northeast-southwest set and 3.5 m ±0.8 for the northwestsoutheast set) have a much greater spacing. For a given stratigraphic interval, fracture spacing measured in the subsurface and in outcrop at the Paxton quarry as noted in the previous section-is always greatest in the northwest-southeast fracture set. The aperture width of the subsurface fractures reported by Richards, Walter, and others (1994) ranges from less than 0.001 mm to about 0.75 mm and the mean width is a function of stratigraphic interval.
Based on these fracture-spacing and aperture-width measurements, Richards, Budai, and others (1994) calculated that the Norwood Shale Member has the largest intrinsic permeability (2.0 x 10'11 m2 for the northeast-southwest set and 1.4 x 10'11 m2 for the northwest-southeast set) and the Ellsworth Shale has the lowest intrinsic permeability (4.0 x 10~15 m2 for the northeast-southwest set and 1.3 x 10~15 m2 for the northwest-southeast set). In all the stratigraphic intervals, the northeastsouthwest fracture set is associated with the highest intrinsic fracture permeability.
Additional fractures were described and interpreted from six wells in Otsego County, Michigan ( fig. 3 ) using core and formation microscanner logs (Cain, 1991; Decker and others, 1992; Caramanica, 1993) . Fractures in one of the wells, the Latuszak Bl-32, also were included in the analysis by Richards, Walter, and others (1994) . Borehole maps of the Latuszak Bl-32 well (Cain, 1991) and the Rachow B3-31 well (Caramanica, 1993) illustrate many of the complexities of the fracture patterns such as spacing, dip angle and direction, diversity of orientation, and fracture intersections (figs. 4, 5). Decker and others (1992) and Caramanica (1993) conclude that a northeast-southwest oriented fracture set is dominant in four of the six wells studied; in a fifth well, both northeast-southwest and northwestsoutheast fracture sets are dominant and in a sixth well, the dominant fracture set is oriented east-west. The dip angle of the fractures range from subvertical to horizontal. An analysis of open fractures vs. total fractures indicates that the most abundant total fractures and open fractures are in the Lachine Member (Caramanica, 1993) . Moreover, Decker and others (1992) conclude that the Lachine Member has the greatest diversity of fracture orientations. Dellapenna (1991) and Dellapenna and Harrison (1993) 
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-FMS Logs -Core Figure 3 . Map of part of Otsego County, Michigan showing location of Antrim Shale gas wells used for fracture studies by Cain (1991) , Decker and others (1992) , Caramanica (1993) , Dellapenna (1991) and Dellapenna and Harrison (1993) . Michigan (Caramanica,1993) showing fracture intensity in the Antrim Shale. See fig. 3 for location. Nelson (1985) . The orientations of fourteen calcitemineralized, vertical fractures in the No. MI-21 Union well show a dominant northeast-southwest set and a secondary northwest-southeast set. Nonvertical fractures in the No. 1-28 Swift well, plotted on a stereographic projection of poles to fracture planes, demonstrate a high diversity of fracture intersections in the well bore.
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REGIONAL AND LOCAL STRUCTURAL DOMAINS ACCOMPANYING THE ANTRIM SHALE GAS ACCUMULATION
Regional and local tectonic events in the vicinity of the Michigan basin, and their resultant structural styles, must be carefully evaluated as possible controls on fractures in the Antrim Shale. Very likely, one or more of these events have had an impact on the nature and origin of the Antrim Shale fractures. First, pre-Michigan basin Proterozoic tectonics may have left diagnostic structures in basement rocks that became reactived by later tectonic events. Secondly, Paleozoic compressional stresses imposed on the sedimentary sequence of the Michigan basin by distant erogenic events, such as the Alleghenian orogeny, may have reactivated the pre-basin structures and(or) introduced new structural fabrics. Thirdly, post-basin uplift and cooling of the crust in Mesozoic and post-Pleistocene times and modern intraplate compression may have accentuated pre-existing fracture patterns or, by modifying existing stress trajectories, may have created additional sets of fractures. These suggested tectonic events and terranes that may be linked to fractures in the Antrim Shale are summarized briefly in this section.
Proterozoic Basement Terranes and Tectonic Trends
The Paleozoic sedimentary cover of the Michigan basin is underlain by four Proterozoic terranes of the Laurentian continent that represent a complex history of orogenic, anorogenic, and extensional events ( fig. 6 ). Because few holes have been drilled into basement rocks of the Michigan basin, the lithologic character and structural grain of the provinces, and the nature of the tectonic contacts between them, depend largely on outcrops in nearby States and on geophysical evidence (Hinze and others, 1975; Brown and others, 1982; Fisher and others, 1988; Green and others, 1988) .
The Penokean Orogen is the oldest of the four terranes. This orogen is an Early Proterozoic (~1.85 Ga) magmatic belt that borders the southern margin of the Late Archean Superior Province in northern Wisconsin and the adjoining upper peninsula of Michigan (Van Schmus, 1992) . Presumably, the Penokean Orogen extends eastward from central Wisconsin into northern Michigan and underlies most of the northern half of the Michigan basin (Budai and Wilson, 1991; Van Schmus, 1992) . Anorogenic granitic plutons and felsic volcanic rocks of the Middle Proterozoic Eastern Granite-Rhyolite Province (~1.48 Ga) occupy most of the southern half of the Michigan basin (Budai and Wilson, 1991; Van Schmus, 1992) . The transitional contact between the Eastern GraniteRhyolite Province and the Penokean Orogen probably trends approximately east-west across the center of the Michigan basin (Budai and Wilson, 1991; Van Schmus, 1991) . A north-to northwest-trending rift complex of Middle Proterozoic (-1.1 Ga) red beds and basalt cuts diagonally across the Eastern Granite-Rhyolite Province and the Penokean Orogen (Budai and Wilson, 1991; Van Schmus, 1991) . The rift, considered to be a southeastern arm of the Midcontinent Rift System, was first identified by regional gravity surveys (Hinze and others, 1975) and later confirmed by a 17,466 ft-deep basement test ( fig. 6 ) drilled in the center of the Michigan basin (Fowler and Kuenzi, 1978; Fisher and others, 1988) . The extensional event that formed the Midcontinent Rift System was closely followed by a major collisional event that created the Middle Proterozoic (~1.0 Ga) Grenville orogenic belt. The leading edge of the thrust-faulted Grenville Province trends north to northeasterly across the eastern edge of the Michigan basin and thereby truncates or overrides adjoining parts of the three older provinces ( fig. 6 ). Cannon (1994) proposes that the northwest-directed Grenvillian compression reactivated border faults of the Midcontinent Rift System; thrust faulting and tectonic inversion occurred along the main southwest-trending arm of the rift, to the west of the Michigan basin, whereas mostly strike-slip faulting occurred along the southeast-trending arm. 
Structural Trends in Devonian Strata
Structure contour maps drawn on top of the Traverse Group and the Antrim Shale (Fisher, 1980; Fisher and others, 1988) show that Devonian strata in the Michigan basin have been folded into prominant anticlines with northwest-southeast trending axes ( fig. 7) . Many of the anticlines can be traced for over 50 mi and closely spaced contour lines along their flanks suggest that some of them have faulted limbs (Decker and others, 1992) . One of these anticlines, a southeast-plunging anticlinal nose with a steeply dipping or faulted western limb, runs through the center of the Antrim gas-producing trend in western Otsego County and adjoining Crawford County (Decker, 1992) . Fisher and others (1988) , based on their east-west oriented diagrammatic cross section across the southern Michigan basin, suggest that the anticlines are underlain by horst blocks in the Proterozoic basement rocks. Although many of the large anticlines, anticlinal noses, and monoclines on the structure contour map ( fig. 7) probably are underlain by basement fault blocks, their dominant northwest-southeast trend is not strongly aligned with any of the recognized tectonic trends of the Proterozoic basement, but most closely matches the north-and northwest-trending eastern arm of the Midcontinent rift system. Perhaps the anticlinal structures and the probable fracture sets associated with them were inherited from reactivated fault zones that originally were created or modified along the margins of the Midcontinent rift by later Grenvillian compression (Cannon, 1994) .
Structure contours (C.I.=100 ft) on the Traverse Group across a 28-township area of the gas-producing trend in Otsego County and adjoining Antrim and Montmorency Counties (Decker and others, 1992) (fig. 8) show numerous small-scale flexures in addition to the larger southeast-plunging anticlinal nose recognized on the 1:1,000,000 scale maps of Fisher (1980) . Decker (1992) and Decker and others (1992) suggest that these small-scale structures may be a primary cause of Antrim Shale fractures. An even more detailed structure contour map (Manger and others, 1990) , drawn on top of the Lachine Member (C.I.=25 ft) for a four-township area in southern Otsego County near the center of the previous map, shows a broad southward-plunging anticlinal nose whose general trend is interupted by numerous small-scale structural terraces and flexures ( fig.  9) . Five of the six wells used for fracture studies by Decker and others (1992) and Caramanica (1993) are located on the anticlinal nose. Variations in gas production across the 28-and 4-township structural 
Effects of Alleghanian Compression
Numerical Theological models of eastern North America by Qjiinlan and Beaumont (1984) suggest that lithospheric downwarping and flexure of the Appalachian foreland basin is caused by loading of the crust by Alleghanian overthrusts. Hexural interactions between the Appalachian basin and the craton very likely influenced sedimentation patterns and structural features in the Michigan basin. Craddock and van der Pluijm (1989) have measured subhorizontal shortening fabrics in Paleozoic strata as much as 500 mi away from the Appalachian-Ouachita orogenic front They suggest that these fabrics were caused by late Paleozoic compressional stresses due to the Alleghanian orogeny rather than by stresses due to lithospheric loading of the craton. Thus, far-field Alleghanian compressional stress and associated strains may have had an important effect on Michigan basin tectonics and, consequently, on fractures in the Antrim Shale (van der Pluijm and Craddock, 1993) .
Modern In Situ Stresses of the Northern Midcontinent
Modern in situ maximum horizontal compressional stress in the crust of the midcontinent region is oriented northeast-southwest (Haimson, 1978; Zoback and Zoback, 1980) . Hoist (1982) concludes that the presentday stress orientation is certainly younger than early Mesozoic (Sbar and Sykes, 1973) and is best explained by lithosphere-asthenosphere drag beneath the North American plate or by a ridge-push force from the MidAtlantic Ridge (Voight, 1969; Zoback and Zoback, 1980) . Although the present in situ stress is oriented normal to fold axes in the Devonian strata ( fig. 7) , it seems to be clearly too young to have caused the folds. However, the modern in situ stress field may be the cause of the prominent northeast-southwest fracture set observed in the outcrop and subsurface. The orientation of the modern stress field and the northeast-southwest fracture set are closely aligned and the timing, although less constrained, is certainly plausible. Possibly, the northeast-southwest fracture set is very young (Hoist, 1982) .
Post-Paleozoic Uplift of the Michigan Basin
Maturation indices (0.54 to 0.60% RO) of the Pennsylvanian Saginaw coal and Lopatin modeling of the burial and thermal history of the Michigan basin suggest as much as to 3,280 ft of Carboniferous and(or) Permian strata were removed prior to the Late Jurassic (Cercone, 1984) . Using similar vitrinite reflectance data, Apotria and others (1993) suggest that a net uplift of over 4,000 ft has occurred in the northern part of the Michigan basin since the Permian. This amount of uplift may significantly alter the magnitude and possibly the orientation of pre-existing principal horizontal stresses and associated fractures in the basin.
Post-Pleistocene isostatic adjustment of the crust following glacial retreat accounts for as much as 200 ft of uplift in the northern Michigan basin (Farrand, 1962) . Goldthwait (1908) explained raised beach terraces of earlier glacial lakes according to a model that involves a single southern outlet and a west-northwest oriented hinge line that extended across the center of the Michigan basin. The hinge line separates the northern part of the Michigan basin having active post-glacial rebound from the southern part of the basin having little or no rebound. However, in a recent study, Larson (1987) interprets the array of raised beach ridges in terms of multiple lake outlets that preclude the need for a glacial hinge zone. Larsonfs (1987) study places in question the hypothesis by Matthews and Jones (1994) The oil-and gas-bearing Upper Silurian (Niagaran) pinnacle reef trend that crosses northern Michigan directly underlies large areas of the Antrim Shale gas accumulation. Decker and others (1992) suggest that differential compaction over the 400-to 500-ft-thick, 3,000-to 3,500-ftdiameter pinnacle reefs (Gill, 1979) may have created some of the flexures and fractures in the Antrim Shale. However, given that the pinnacle reefs are 4,500 to 5,000 ft beneath the Antrim Shale, this hypothesis seems rather improbable.
Halite units in the Upper Silurian Salina Group have been differentially leached along several margins of the Michigan basin and areas having the greatest dissolution are commonly the sites of saltcollapse in overlying carbonate units (Mesolella and Weaver, 1975) . In northern Michigan, the lowermost salt beds of the Salina Group pinch out northwestward against a carbonate-shelf margin that borders the shoreward limit of the pinnacle-reef tract. The 150-to 200-ft-thick lower salt bed (A-l evaporite) occupies the inter-reef areas whereas a slightly younger 150-to 300-ft-thick salt bed (A-2 evaporite) occupies inter-reef areas of the pinnacle reef tract as well as forming a continuous seal over the entire reef tract (Gill, 1979) . To date there have been no reports of Salina Group salt dissolution in the pinnacle-reef trend of northern Michigan.
The Ellsworth Shale is a greenish gray shale that intertongues eastward with the upper member of the Antrim Shale ( fig. 2 ). An isopach map by Fisher (1980) shows the EUsworth Shale to be restricted to the west side of the Michigan basin and that its pinch-out edge trends northward through the Antrim Shale gas-producing trend in western Otsego County. Moreover, the thickest part of the Ellsworth Shale (greater than 900 ft) is in adjoining Antrim County. Conceivably, fractures in the Antrim Shale may be concentrated along this fades change because of the contrast between the ductile EUsworth Shale and the brittle Antrim Shale. This mechanism, however, cannot easily explain the well-fractured Antrim Shale east of Otsego County.
MINERALOGY OF FRACTURED INTERVALS
X-ray diffraction analysis indicates that the major mineral constituents of the Antrim and Ellsworth Shales are quartz, carbonate (calcite and dolomite), muscovite, and illite; secondary mineral constituents are pyrite, kerogen, feldspar (potassium and plagioclase varieties), kaolinite, and chlorite (Dellapenna, 1991; Manger and Curtis, 1991; Dellapenna and Harrison, 1993) . Of the strata that constitute the Antrim Shale and the Ellsworth Shale, the black shale members of the Antrim Shale have the highest quartz content (40-60%) and the lowest carbonate content (0-5%). In contrast, the gray shale units in the Antrim and Msworth Shales have less quartz (30-40%) and significantly more carbonate minerals (15-30%) than the black shale units. Total organic carbon content in weight percent (TOG) ranges from about 5 to 14 in the black shale units and generally is less than 1 in the gray shale units. Dellapenna (1991) , Manger and CurtLs (1991) , and Dellapenna and Harrison (1993) suggest that the quartz-rich black shale units are brittle and, thus, should be more heavily fractured than the ductile caicite-rich gray shale units. A similar conclusion was reached by Nelson (1985) but, in addition to quartz, he considers feldspar and dolomite to be brittle constituents of the black shale units.
The most variable mineral constituents in the Antrim Shale samples collected at the Paxton quarry are quartz, day, carbonate, and organic matter (Richards, Walter, and others, 1994) . Both frequency and aperature width of fractures show a direct relationship to TOG and carbonate content and an inverse relationship to clay content These relationships apply to both the northeast-southwest and northwest-southeast fracture sets. Judging from the lower fracture frequency (higher fracture spacing) of the northwest-soutneast fracture set and the direct relationship between TOG and mean aperture width, Richards, Walter, and others (1994) suggest that the northwest-southeast fracture set has been generated by a natural hydraulic mechanism during peak thermal maturation of Antrim Shale organic matter.
Stable carbon and oxygen isotopic compositions of concretions, calcite fracture fillings, and host rock were measured in outcrop and core samples by Richards, Walter, and others (1994) . Compositions are tightly clustered around mean values of 613C ~-10 and 618O ~-10 for concretions and mean values of 613C ~-5 and 618O ~-5 for host rocks. In contrast, isotopic compositions are widely scattered for the fracture fillings: 613C values range from about +26 to -42 and 618O values range from about -3 to -10. Richards, Walter, and others (1994) suggest that the calcite cement was precipitated from late Pleistocene glacial water that percolated through the fractures.
PATTERNS OF GAS PRODUCTION AND CHEMISTRY OF ASSOCIATED RESERVOIR WATER
The influence of fractures on gas production is demonstrated by a plot of fracture frequency, measured from fracture-detection logs in three wells in Otsego County, against gas production from these wells (Decker, 1992) . The plot shows a direct relationship between fracture frequency and gas production. The three wells used in the plot were also used in fracture studies by Decker and others (1992) and Caramanica (1993) . Gas production from the three wells, measured over 24 hours, ranged from 243 to 500 thousand cubic feet of gas per day (MCFGPD). Accompanying water production from the wells ranged from 25 to 85 barrels of water per day (BWPD). All the wells are vertical, received similar stimulation treatment, and were tested for their gas yield at similar times in their production history.
Average gas production for Otsego County wells in March 1993 was contoured by Richards, Walter, and others (1994) . A strong northeastsouthwest trend in the 100-and 200-MCFGPD contours imply that "sweet spots" in the producing trend are controlled by the northeast-southwest fracture set Moreover, contoured variations in water chemistry (e.g. HCO3~ ion) across the gas-producing trend show the same northeastsouthwest trend as the gas production (Walter and others, 1993; Richards, Walter, and others, 1994) .
Gas production superimposed on the 28-township regional structure map of Decker and others (1992) (fig. 8 ) provides an insight to the influence of large-and small-scale structures on gas production and fracture frequency. Because most gas production in the Antrim Shale is reported by lease or project rather than by well, it is expressed on the map as average gas flow rates per quarter township. The highest gas production per quarter township in the region, 100 to 225 MCFGPD, is in south-central to southeastern Otsego County ( fig. 8 ) where structures are characterized by small-scale flexures and terraces (Decker and others, 1992) . Somewhat surprisingly, the production is rather low (12 to 86 MCFGPD) along the prominent southeast-plunging anticlinal nose in western Otsego County shown on 1:1,000,000 scale maps by Fisher (1980) . The one exception is an 8 sq mi area in western Otsego County and adjoining Antrim County where gas production ranges from 113 to 123 MCFGPD ( fig. 8) .
A comparison of gas production and structural configuration in the 4-township "sweet spot" of southern Otsego County also shows that the best gas production, and probably the highest fracture frequency, is not necessarily associated with the most obvious anticlines and anticlinal noses( fig. 9 ). Production assigned to each of the 200+ wells in the data set was prorated from net production data for a given lease. Although good production rates in the 4-township area are associated with the easily recognized south-to southwest-plunging anticlinal nose interrupted by small-scale flexures and terraces, better production is generally located on the west flank of the structure ( fig. 10) . Figure 10 . Average gas production rates from the Antrim Shale in a four-township area in southern Otsego County, Michigan (Decker and others, 1992) . Note the discrepancy between the >100 MCFGPD production outline in this figure and that on figure 8.
SUMMARY AND DISCUSSION OF FRACTURING MECHANISMS
The consistent northwest-southeast and northeast-southwest orientations of fracture sets in the Antrim Shale and adjacent Devonian strata across the northern margin of the Michigan basin probably originated from continent-scale compressional stress fields (Hoist, 1982; Decker and others, 1992) . The most plausible of the continent-scale stress fields are: 1) a northwest-southeast oriented far-field compressional stress caused by late Paleozoic Alleghanian plate collision (Craddock and van der Pluijm, 1989) and 2) a northeast-southwest oriented post-early Mesozoic compressional stress caused by lithosphere-asthenosphere interactions (Hoist, 1982) . The latter stress orientation is expressed by the modern in situ state of stress in the midcontinent region (Zoback and Zoback, 1980) . Additional factors contributing to the origin or accentuation of the fracture sets may be post-Paleozoic uplift of the Michigan basin and abnormally high formation pressures created by hydrocarbon generation in the organic-rich Antrim Shale during maximum burial (Apotria and others, 1993, 1994; Richards, Walter, and others, 1994) .
According to Apotria and others (1993, 1994) , the northwestsoutheast fracture set is the oldest as shown by its continuity and abutting relationships. They further suggest that fractures in this set formed as natural hydraulic fractures during northwest-southeast oriented Alleghanian compressive stress near peak burial and thermal maturation. Fracturing occurred preferentially in the black shales because of their low Poisson's ratio and their probable high fluid pressure owing to gas generation (Apotria and others, 1993,1994) . The northeast-southwest fracture set, according to Apotria and others (1993,1994) , formed during post-Alleghanian uplift of the Michigan basin under a state of northeastsouthwest oriented maximum horizontal compression. Cooling and unloading reduced the minimum horizontal stress to form extension fractures (Apotria and others, 1993, 1994) . This thermoelastic contraction mechanism is strongly influenced by Young's modulus (Apotria and others, 1993,1994) .
Northwest-directed Alleghanian compression, suggested by Apotria and others (1993,1994) as a primary cause of the regional northwestsoutheast fracture set, is supported by regional petrofabric studies of Craddock and van der Pluijm (1989) . Moreover, northwest-directed Alleghanian compression may have created the dominant, basement-cored, northwest-trending anticlines. One possible mechanism is that an unrecognized Proterozoic basement fabric-such as one formed during Grenvillian compression of Midcontinent rift structures (Cannon, 1994) was reactivated by Alleghanian tectonics.
Fractures imprinted on the regional northwest-southeast and northeast-southwest fracture sets by local flexures and anticlinal noses increase the diversity of fractures along the Antrim Shale gas-producing trend (Decker and others, 1992) . Fracture diversity is improved by the addition of north-south and(or) east-west fracture sets and dip angles that range from 60° to horizontal. The locally derived fractures may be caused by a variety of mechanisms such as basement faulting, differential compaction, and local bedding plane detachment An additional fracturing mechanism-whereby horizontal microfractures are caused by regional compressional stresses and overpressured black shale source beds (Vernick, 1994) -may also apply to the Antrim Shale.
Fracture frequency and aperature widths are greatest in the black shale members (Richards, Walter, and others, 1994) , and consistently, the northeast-southwest fracture set has a higher fracture frequency than the northwest-southeast fracture set for a given stratigraphic interval. The importance of the northeast-southwest fracture set for gas productivity in the Antrim Shale is demonstrated by intrinsic permeability calculations, distribution of gas production "sweet spots", and the distribution of chemical ions in produced formation water. Therefore, gas production may be maximized by drilling directional, subvertical wells oriented normal to the northeast-southwest fracture set Completions in the Norwood and Lachine Members are preferred because of the higher frequency and greater aperture width of their fractures. Well bore maps such as those shown by Cain(1991) and Caramanica (1993) help to identify zones of high fracture frequency and diversity prior to completion. Although fracture diversity seems to be important for high gas production in the Antrim Shale it is difficult to predict prior to drilling even where a detailed structure map is available.
Because fractures, undoubtedly, play a major role in the control of "sweet spots" in the Antrim Shale gas-producing trend it is imperative that we learn more about their character and distribution. The more that is known about the fractured Antrim Shale reservoir, the more efficient is the exploration, development, and assessment of its gas resource. A major need is to predict "sweet spots" ahead of the drill, particularly, in parts of the Michigan basin where the Antrim Shale is presently unproductive. In addition, gas productivity measurements are needed in wells where a variety of fracture characteristics and patterns are carefully documented. Especially needed are gas wells with long-term production. These data are necessary to test existing fracture-generation models and to formulate new ones. Moreover, these data show the degree of continuity in fracture trends and associated gas production across a given part of the accumulation.
